Abstract. The Climate Change debate has drawn attention to the problem of greenhouse gases emissions into the atmosphere. One of the most important issues in the policy debate is the role that should be played by developing countries in joining the commitment of developed countries to reduce GHG emissions, and particularly CO 2 emissions. This debate calls into play the relationship between energy consumption, CO 2 emissions and economic development. In this paper we use a panel data model for 110 world countries to estimate the relationship between CO 2 emissions and GDP and to produce emission forecast. The paper contains three major results: (i) the empirical relationship between carbon dioxide and income is well described by non linear Gamma and Weibull specifications as opposed to more usual linear and log-linear functional forms; (ii) our single equation reduced form model is comparable in terms of forecasted emissions with other more complex, less data driven models; (iii) despite the decreasing marginal propensity to pollute, our forecasts show that future global emissions will rise. The average world growth of CO 2 emissions between 2000 and 2020 is about 2.2% per year, while that of Non Annex 1 countries is posted at 3.3% per year.
Introduction
The threat of climate change due to global warming is an issue whose relevance is by now widely recognised by all experts, governments, and public opinions throughout the world. The Earth Summit held in Rio de Janeiro in 1992 and the 1997 Kyoto Summit have called the international attention upon the negative consequences of a heating of the planet as well as upon the potential instruments to cope with this problem.
One of the most important issues in the policy debate is related to the role that should be played by developing countries. The Kyoto Protocol contains a specific commitment taken by industrialised and transition economies (Annex I countries, in the Protocol's jargon and hereafter) to reduce CO 2 emissions over the period [2008] [2009] [2010] [2011] [2012] down to the level attained in 1990. No such commitment has however been taken by developing countries (non Annex I, hereafter): the usual argument in favour of this position is that the industrialisation and development process should be subject to no constraints, particularly for energy production and consumption. One possible rationale for this position is the presumption that, while pollution increases with GDP growth, there comes a point after which pollution goes down.
This tenet calls for a careful analysis of the relationship between economic growth and pollution. This link is obviously very complex. It depends on many different factors such as: (i) the size of the economy; (ii) the sectoral structure, including the composition of the energy demand; (iii) the vintage of the technology; (iv) the demand for environmental quality; On the basis of these considerations, there have been in the last few years several studies dealing with the relationship between the scale of economic activity and the level of pollution (see the survey articles by Stern, 1996; Stern, Common, and Barbier, 1996; Barbier, 1997; Ekins, 1997; Mc Connell, 1997) .
Despite the complexity of the issue, if we concentrate on local pollutants, typically measures of air and water quality, in several cases a number of empirical studies have identified a bell shaped curve for the pollution intensity of GDP (Shafik and Bandyopadyay, 1992; Shafik, 1994; Selden and Song, 1994; Grossman, 1995; Grossman and Krueger, 1995; Panayotou, 1997) . Moreover, the global nature as a pollutant and its crucial role as a major determinant of the greenhouse effect attribute to the case of CO 2 emissions special interest. A number of empirical studies have looked for an inverted-U curve in this case (Shafik and Bandyopadyay, 1992; Holtz-Eakin and Selden, 1995; Tucker, 1995; Cole, Rayner, and Bates, 1997; Moomaw and Unruh, 1997; Roberts and Grimes, 1997; Schmalensee, Stoker, and Judson, 1998) .
The bell shape of the relationship implies that, starting from low (per capita) income levels, (per capita) emissions or concentrations tend to increase but at a slower pace. After a certain level of income (which typically differs across pollutants) -the "turning point" -emissions or concentrations start to decline as income further increases. In the 1940s Simon Kuznets empirically identified an inverted-U historic relationship between income distribution and income growth, which was then termed "Kuznets Curve" after him. Given the obvious analogy, the bell shaped relationship between per capita income and pollution has been dubbed "Environmental Kuznets Curve" (EKC hereafter).
Concentrating our attention on CO 2 emissions we note that nearly all the mentioned studies share the following features:
(i) The relationship consists of a reduced-form equation relating per capita CO 2 emissions to per capita income. In general, and with the possible exception of the time trend, no extra explanatory variables are included.
(ii) The analysis is usually conducted on a panel data set of individual countries around the world. Moreover, the data for CO 2 emissions almost invariably have come from a single source, namely the Oak Ridge National Laboratory. 1 (iii) The functional relationship considered is either linear or log-linear one, with a few studies considering both (Holt-Eakin and Selden, 1995; Cole, Rayner, and Bates, 1997) . 1 The data for real per capita GDP are typically drawn from the Penn World Table and are on a PPP basis.
(iv) Due to the almost complete coverage of world countries, the estimation technique is typically the least square dummy variable method, allowing for both fixed country and time effects.
In a previous paper (Galeotti and Lanza, 1999) we noted that, while the bulk of the literature has focused upon the empirical emergence of the EKC and has typically discussed its implications with special reference to the value of the income turning point, the problem of the robustness of the basic findings does not appear to have been a major concern. In particular, the issue of the functional form appears to be critical for the emergence of a "wellbehaved" EKC and for the crucial policy implications that could be drawn from such an empirical finding.
2 As a matter of fact, while many researchers warn that a reduced-form relationship is ill-suited for drawing policy prescriptions, it cannot be denied that an inverted-U relationship for CO 2 emissions intensity suggests that pollution reduction might be expected to occur as a natural by-product of economic development. Indeed, such considerations might have well underlied the position held by non Annex 1 countries at the Kyoto meeting.
In our previous paper we studied the relationship between a country GDP and the CO 2 emissions by first fitting a "standard" linear relationship, both in levels and in logarithms, but using an alternative, possibly better, data set. Then we considered the issue of the shape of the estimated environmental Kuznets relationship by conducting a series of nonnested tests across alternative functional forms. In so doing, we proposed and estimated two alternative non-linear functional forms, Gamma and Weibull, which were also contrasted with the usual ones and found superior in terms of theoretical properties and empirical performance.
The present paper takes our previous analysis a step forward and presents forecasts for CO 2 emissions based on the above mentioned econometric strategy. It is well known that a major problem in forecasting emissions, particularly for non-Annex I countries, is related to the poor quality of the available data. In this respect reduced-form equation models can provide a good benchmark for forecasting CO 2 emissions on a country-by-country level since the only information needed are the projections of per capita GDP. The exclusion from the CO 2 -GDP relationship of potentially relevant explanatory variables other than per capita GDP (and not directly related to it) is one of the most relevant issues related to the specification of reduced-form equations and the results they produce. This fact has spurred criticism by several recent papers (see Ekins, 1997 , for a summary). However, it is also a feature that makes CO 2 emission forecasting a conceptually easy task (see also Selden and Song, 1994; Holtz-Eakin and Selden, 1995; Schmalensee, Stoker, and Judson, 1998 ).
The paper is organised as follows. Section 2 describes our data and model specification. Section 3 presents our estimation results. Section 4 describes the resulting projections, particularly for non-Annex I countries. Issues to pursue in future research and concluding remarks are presented in the last section.
Data and Model Specification
Our analysis exploits a data set recently developed by IEA (International Energy Agency, 1998a). It covers the period between 1960 to 1996 for the Annex II countries of the United Nations Framework Convention on Climate Change (Rio de Janeiro, 1992) and between 1971 to 1996 for all the other countries. In order to avoid the complications related to the use of an unbalanced sample and because the most relevant period for our purposes pertains to the last thirty years, we employ data that cover the 1971 to 1996 period for 110
countries. In 1996 these accounted for 88% of the CO 2 emissions generated by fuel On the whole, the sample consists of 2,860 observations. However, in order to account for the different stage of economic development, position relative to the technological frontier, and other structural differences, we have also considered and analysed the subsamples of Annex I and non-Annex I countries. These two groups of countries were also considered separately in order to provide as sound emission forecasts as possible. Annex I countries include 30 nations for 780 observations, whilst the non-Annex I group includes 80 countries for a total of 2,080 observations.
Galeotti and Lanza (1999) provided a detailed discussion of different specification strategies in modelling the EKC. Basically all the papers in the literature assume that the empirical reduced-form relationship between per capita CO 2 emissions and GDP can be adequately described by a polynomial function of income. Being linear in parameters, such relationship can be estimated using standard econometric techniques. The choice between alternative specifications, and particularly between linear and log-linear models, has been the subject of several contributions to the econometric literature (see, for instance, McAleer, 1994) . Using the theory of non-nested hypothesis testing (see Kobayashi and McAleer, 1999, for a very recent contribution), our previous paper used a few non-nested tests and discrimination criteria finding that the log-linear specification is to be preferred to the linear one, albeit not decisively so. Moreover, certain difficulties which nevertheless remain with the log-linear specification prompted us to search for alternative functional forms possibly satisfying three criteria: to perform better econometrically, not to restrain a priori the range of possible shapes which can characterise the relationship under study, and to outperform the log-linear specification on statistical testing grounds. We considered the following non-linear functional forms:
In the statistical literature expressions (1) and (2) are know as three-parameter Gamma and Weibull functions. They have also been used in applied environmental and ecological economics (Bai, Jakeman, and McAleer, 1992) . One advantage of these functional relationships is the interpretability of the parameters. In fact, α, β, and γ are associated with "shape", "scale", and "shift" of the function: depending upon the values they take on, the relationship can assume a variety of different behaviours. Furthermore, the income turning point could be easily determined analytically using the estimated parameters, while in standard specifications a closed-form expression for the turning point often does not exist. On the basis of non-nested hypothesis tests we found that the proposed Gamma and Weibull specifications better described the data on the CO 2 emission intensity and outperformed the widely employed log-linear model. 
Estimation Results
For the three samples mentioned above we estimate (1) and (2) after allowing for multiplicative country and time fixed effects and after taking logs, so that the regression models become:
with i=1,…110 and t=1971,…1996. We use a standard least squares dummy variable estimator for (3) and (4) which produces the results reported in Table 1 . The fit is satisfactory in all cases, and the parameters are always strongly significant with the exception of γ in the 5 It was remarkable that the non-nested tests yielded an unambiguous outcome in that the log-linear model is rejected by both Gamma and Weibull functional forms. The data, however, did not allow to discriminate clearly between Gamma and Weibull. 6 Note that the constant terms corresponding to (1) and (2) are absorbed into the coefficients of the fixed effects.
Annex I countries sample for the Weibull functional form. While it is difficult to judge the relative merits of the two specifications on the basis of this evidence alone, we note that the parameters are not stable across samples, thus providing support to the need for estimating separate regressions for the two groups of countries. Figure 1 shows that all our estimated relationships display a bell shaped curve, which leads to conclude that a "well-behaved" EKC is supported by our data. In the figure the value of the income turning point is reported. The existence and the level of the income turning point has attracted the attention of a number of studies. While, for instance, Shafik and Bandyopadyay (1992) and Shafik (1994) find that per capita CO 2 emissions increase monotonically with income growth, Holtz-Eakin and Selden (1995) in their quadratic specification generate an out-of-sample income turning point of $35,428 per capita (in 1986 prices), suggesting that substantial economic growth would be required before CO 2 emissions began to decline. While present, the estimated turning point is disturbingly high. Sengupta Interestingly, Figure 1 displays curves that are strongly asymmetrical with a steep increase at low income levels and a slow decline afterwards. The reduction in emissions appears however to be faster for Annex I than non Annex I countries, and this fact appears to be of interest in itself.
The finding that per-capita CO 2 emissions might eventually decline as income increases is not a new result. However, in terms of policy implications an important message that emerges is that, the U-shape of the EKC relationship notwithstanding, future economic growth will nevertheless cause an increase in carbon emissions, particularly for non-Annex I countries. This fact has to do with the skewed distribution of global income. A large proportion of population is experiencing the most rapid growth in terms of per capita income.
These countries have a (declining) but still positive marginal propensity to emit. As these countries' share in total emissions grows, the result is growth in total emissions. In summary, while the U-shape of the estimated emissions-income relationship "gives hopes that one could eventually outgrow the emissions problems, as a practical matter (…) this effect does not come into play in the next future" (Holtz-Eakin and Selden, 1995, p.94) .
Carbon Dioxide Emissions Forecasts
Forecasts based on Environmental Kuznets Curves possess advantages and disadvantages which both depend upon the same feature: their simplicity. In fact, given projections for income and population, it is relatively easy to compute forecasts of aggregate emissions for all the countries considered. An advantage of our approach relates to the possibility to generate forecasts on a country-by-country basis. This is not always possible when using other methodologies or estimation techniques. For example, Integrated Assessment and Computable General Equilibrium models usually adopt regional breakdowns rather than a country detail. On the other hand, time series models are difficult to estimate, particularly for non-Annex I countries, due to the lack of suitable data.
The results reported in Table 2 show that our forecasts are in line with those of the chosen terms of reference, although in many cases our projections predict a lower level of total emissions. Comparisons can be made both for levels and for average annual growth rates. Results for China and India are also shown, because they are the most important non Annex I countries in terms of total emissions, representing roughly 50% of the total non Annex I emissions, and because they are the only non-Annex I countries for which a comparison with our reference models is possible.
While country-by-country forecasts for Annex I countries are available from different sources, this is not so for non-Annex I countries. In this respect, the Working Group III of the IPCC has recently completed a comprehensive survey on models and emissions scenarios (Intergovernmental Panel on Climate Change, 1999). The database includes over 400 regional and global scenarios (not only related to CO 2 emissions) from over 150 different sources. Further evidence on the fact that our reduced-form equation approach to forecasting compares well with alternative procedures is provided in Table 3 for Africa and two Latin American countries: Argentina and Brazil. For the sake of completeness, we also report in Table 4 forecast figures for Annex 1 countries. The table clearly shows that our results are in most cases similar to those generated by existing models for individual countries or areas. Going back to Table 2 it is worth underlining that non-Annex I countries emissions are expected to grow (on average) 3.2% per year from 2000 to 2020 while the same average growth for Annex I countries is around 1.3%. As a result the share of non-Annex I countries on total emissions will grow from 40% to almost 50%. Not surprisingly we get higher carbon dioxide emissions as a results of faster per capita income growth. In summary, non-Annex I countries account for the largest share of the world's population but emit very little carbon dioxide per capita. However they are characterised by income levels such that GDP growth per capita is going to be accompanied by a more than proportional increase in their per capita pollution. Although non-Annex I countries have very low per capita emission rates the corresponding population is very high. Hence, the total level of emissions is very significant.
Conclusions
Building on a previous contribution, in this paper we have estimated single equation reduced form EKCs for Annex 1 and Non annex 1 countries. For the latter group of countries we have then produced CO 2 emission forecasts up to 2020. We have then argued that, particularly for developing countries, where data availability and quality is typically a problem, our EKC approach to forecasting is convenient relative to more complex multiequation models. Not only, but the evidence presented shows that the approach is also useful in that it generates forecasts that are in line with the few others available in the literature.
Finally, despite the decreasing marginal propensity to pollute, our forecasts show that future global emissions will rise. The average world growth of CO 2 emissions between 2000 and 2020 is about 2.2% per year, while those of Non Annex 1 countries will grow at a yearly 3.3% rate.
From a policy perspective it follows from our results that actions aimed at reducing CO 2 emissions while there is an increase in per capita income should be taken. Considering that a large number of non-Annex I countries is on the verge of industrialisation, effective technological co-operation should be put in place to reach a sound co-operation between Annex I and Non Annex I countries. In the absence of such policies measures governments of Non Annex I countries will pursue increases in per capita income with the existing technology and this will adversely affect overall CO 2 emissions. 
